The influence of signals transmitted by the phosphatase calcineurin and the transcription factor NFAT on the development and function of natural killer T (NKT) cells is unclear. In this report, we demonstrate that the transcription factor early growth response 2 (Egr2), a target gene of NFAT, was specifically required for the ontogeny of NKT cells but not that of conventional CD4 + or CD8 + T cells. NKT cells developed normally in the absence of Egr1 or Egr3, which suggests that Egr2 is a specific regulator of NKT cell differentiation. We found that Egr2 was important in the selection, survival and maturation of NKT cells. Our findings emphasize the importance of the calcineurin-NFAT-Egr2 pathway in the development of the NKT lymphocyte lineage.
The influence of signals transmitted by the phosphatase calcineurin and the transcription factor NFAT on the development and function of natural killer T (NKT) cells is unclear. In this report, we demonstrate that the transcription factor early growth response 2 (Egr2), a target gene of NFAT, was specifically required for the ontogeny of NKT cells but not that of conventional CD4 + or CD8 + T cells. NKT cells developed normally in the absence of Egr1 or Egr3, which suggests that Egr2 is a specific regulator of NKT cell differentiation. We found that Egr2 was important in the selection, survival and maturation of NKT cells. Our findings emphasize the importance of the calcineurin-NFAT-Egr2 pathway in the development of the NKT lymphocyte lineage.
Mouse natural killer T (NKT) cells that express an invariant T cell antigen receptor (TCR)
a-chain composed of variable a-chain region 14 (V a 14) and joining a-chain region 18 (J a 18) gene segments (V a 14i) constitute a distinct lymphocyte subset that coexpresses TCRab and markers of the NK cell lineage. NKT cells function in the first line of defense against infectious agents, contribute to the development of asthma and chronic obstructive pulmonary disease, potently promote the regression of transplanted tumors, and influence the maintenance of immunological tolerance [1] [2] [3] . Unlike conventional T lymphocytes, which express a diverse repertoire of TCRa and TCRb, NKT cells combine the V a 14i TCRa chain (V a 24-J a 18 in humans) with a restricted repertoire of TCRb proteins that contain V b 8, V b 7 or V b 2 segments (V b 11 in humans). Also in contrast to conventional T lymphocytes, which recognize peptides bound to major histocompatibility complex molecules and are selected by thymic stromal cells that present complexes of peptide and major histocompatibility complex, NKT cells are positively selected by CD4 + CD8 + doublepositive (DP) thymocytes that express CD1d-glycolipid complexes 4, 5 .
It is at the DP stage of thymocyte development that NKT cells branch away from the conventional T cell lineage 6 . Once positively selected, NKT cells downregulate CD24, proliferate and proceed through a three-stage maturation process. During stage 1, newly selected NKT cells have a CD44 À NK1.1 À surface phenotype and produce interleukin 4 (IL-4). CD44 + NK1.1 À NKT cells at stage 2 produce both IL-4 and interferon-g (IFN-g). NKT cells at stage 3 express both CD44 and NK1.1 and produce mainly IFN-g 6 . The upregulation of NK1.1 expression, which correlates with a drop in proliferation, can occur in the thymus or the periphery 6 . In addition, some NKT cells express the CD4 coreceptor, whereas others have a CD4 À CD8 À phenotype 7 .
Given that NKT cells and conventional T cells transit through distinct developmental processes and exert different functions, it is not unexpected that genetic studies have identified signaling pathways and transcription factors that are uniquely required by NKT cells but not by conventional T cells. For example, whereas the positive selection and generation of conventional CD4 + and CD8 + T cells is completely abrogated in transgenic mice with thymus-specific expression of dominant negative constructs of the GTPase Ras or the kinase MEK1, the development of TCR + NK1.1 + cells progresses normally 8 . In contrast, the pathway consisting of the signaling lymphocytic activation molecule SLAM and its associated protein SAP, the tyrosine kinase Fyn and the transcription factor NF-kB provides unique signals that drive NKT cell lineage selection [9] [10] [11] [12] [13] [14] . The IL-15-IL-15 receptor pathway provides additional signals that are dispensable for the positive selection of NKT cells but are essential for the homeostasis and/or maturation of NKT cells. Mice that lack IL-15 or its receptor, or transcription factors that induce expression of IL-15 or its receptor (such as IRF1, RelB or T-bet), have fewer NKT cells [15] [16] [17] .
Continued investigation into the factors that drive the development of NKT cells is needed for further understanding of and potential therapeutic manipulation of the NKT cell lineage. Aiming toward that goal, we sought to understand the function of the pathway involving the phosphatase calcineurin and the transcription factor NFAT in the development of NKT cells. In conventional T cells, TCR engagement results in an increase in the concentration of intracellular calcium, which in turn activates calcineurin. The activation of calcineurin leads to the dephosphorylation of cytosolic NFAT proteins, which results in the accumulation of NFAT in the nucleus and the induction of NFATmediated gene transcription 18 . NFATc1, NFATc2 and NFATc3 are all expressed in lymphoid cells, and their activation is dependent on calcium and calcineurin. Whereas Nfatc2 À/À mice have normal thymocyte development, Nfatc1 À/À and Nfatc3 À/À mice show only mild defects at the double-negative stage and during positive selection [19] [20] [21] [22] [23] [24] . The generation of mice with conditional knockout of calcineurin has allowed assessment of the total contribution of the calcineurin-NFAT pathway to the development and function of T cells. Mice that lack the catalytic subunit (Ab) or regulatory subunit (B1; A000423) of calcineurin have a distinct defect in the positive selection of conventional T cells 25, 26 . However, the function of calcineurin-NFAT signaling in NKT cells has not yet been described.
Here we have used mice in which calcineurin B1 (encoded by PPp3r1; called 'Cnb1' here) was conditionally deleted in thymocytes (Cnb1 fl/fl Lck-Cre + mice) to demonstrate that calcineurin-NFAT signaling was absolutely required for NKT cell development. Furthermore, we establish that the NFAT target gene encoding the transcription factor early growth response 2 (Egr2) was essential for the transit of NKT cells through positive selection. Egr1 and Egr3 were also expressed in NKT cells but were not required for the development of NKT cells and were unable to compensate for the loss of Egr2. A small number of Egr2 À/À NKT cells were positively selected but matured inefficiently, hyperproliferated and underwent more apoptosis in a resting state and after short in vitro stimulation. Our data collectively indicate that a calcineurin-NFAT-Egr2 pathway is essential for the productive selection, survival and maturation of NKT cells.
RESULTS
The calcineurin-NFAT pathway in NKT cell development Thymocyte-specific inactivation of Cnb1 results in a block in the positive selection of conventional CD4 + and CD8 + T cells due to inefficient activation of the kinase Erk 26, 27 . Although disruption of the Ras-MEK-Erk pathway does not affect the thymic development of NKT cells 8 , we sought to determine whether additional branches of calcineurin-NFAT signaling are essential for the ontogeny of NKT cells. Transcriptional analysis showed that three members of the NFAT family, Nfatc1, Nfatc2 and Nfatc3, were expressed in thymic and splenic NKT cells (Fig. 1a) . To determine the effect of inactivation of all three NFAT members in thymocytes on NKT cell development, we analyzed NKT cell populations in thymus and spleen from mice lacking calcineurin in thymocytes (Cnb1 fl/fl Lck-Cre + mice). Selective ablation of calcineurin-NFAT signaling in the thymus resulted in a significantly lower percentage and number of thymocytes expressing V a 14i TCRs, as measured by the binding of tetramers of CD1d loaded with the glycolipid PBS57 (Fig. 1b) . This result indicates that the calcineurin-NFAT pathway is required for the development of V a 14i NKT cells.
Egr2 influences NKT cell development
We next focused on determining the mechanism(s) by which c alcineurin-NFAT signaling regulates NKT cell development. We were particularly interested in the members of the Egr family of transcription factors, as Egr2 and Egr3 are NFAT target genes 28 . In conventional T cells, the induction of Egr transcription factors is associated with pre-TCR signaling during b-selection of thymocytes 29, 30 , and Egr1 and Egr3 are involved in the transition from double-negative stage 3 (DN3) to DN4 (refs. 30-33) . Egr1 À/À mice also have a mild defect in the positive selection of conventional T cells, whereas Egr1 À/À Egr3 À/À double-knockout mice have severe thymic hypocellularity due to massive thymocyte apoptosis 34, 35 . To confirm that the calcineurin-NFAT pathway promotes the transcription of genes encoding Egr proteins 28 , we stimulated thymocytes and splenocytes with phorbol myristate acetate (PMA) and ionomycin. We found that the transcription of these genes peaked within 30 min of the addition of PMA and ionomycin. This induction of expression of these genes in response to PMA and ionomycin was much lower in Cnb1 fl/fl Lck-Cre + lymphoid organs than in Cnb1 fl/+ Lck-Cre + lymphoid organs (Fig. 1c) .
To analyze the expression pattern of Egr family members in NKT cells, we sorted tetramer-positive cells from the thymuses, spleens and livers of wild-type mice. We isolated RNA from unstimulated NKT cells and NKT cells stimulated with PMA and ionomycin and measured the expression of mRNA encoding Egr proteins by realtime PCR. Consistent with the expression pattern noted in total thymocytes and splenocytes, this mRNA peaked in the purified NKT cells within 30 min of stimulation with PMA and ionomycin. Egr3 mRNA was upregulated most in thymic NKT cells after stimulation, and splenic NKT cells had similar expression of Egr1 and Egr3 mRNA. Egr2 mRNA was also induced in stimulated thymic and splenic NKT cells, albeit to a much smaller extent (Fig. 2a) .
We next examined the function of Egr transcription factors in the development of NKT cells. Although Egr1 À/À and Egr3 À/À mice are viable, Egr2 À/À mice die in utero due to defects in hindbrain development 36 . Thus, to study the development of Egr2-deficient NKT cells, we generated fetal liver chimeras by injecting Egr2 À/À fetal liver cells into mice deficient in recombination-activating gene 2. We stained thymocytes, splenocytes and liver mononuclear cells from all three group of mice with tetramers to visualize and count NKT cells. Our results indicated that Egr1 and Egr3 were not required for the development of NKT cells, as Egr1 À/À and Egr3 À/À mice had percentages of NKT cells in thymus, spleen and liver similar to those of wildtype mice (Fig. 2b,c) . In contrast, Egr2 À/À fetal liver chimeras had many fewer NKT cells in all organs (Fig. 2b,c) , which suggests that Egr2 is required for the development of NKT cells and that its loss cannot be compensated for by other members of the Egr family. We obtained further confirmation of NKT cell deficiency in Egr2 À/À fetal liver chimeras by real-time PCR analysis with primers that specifically amplify rearranged TCR genes containing V a 14J a 18. Thymocytes from Egr2 À/À fetal liver chimeras had lower expression of V a 14J a 18 transcripts than did thymocytes from Egr1 À/À , Egr3 À/À or wild-type mice ( Fig. 2d and data not shown). To investigate whether EGR2 is expressed in human NKT cells, we stimulated the human NKT cell clone BM2a.3 for 5 h with PMA and ionomycin and measured the expression of EGR2 mRNA by real-time PCR. Our data showed that, as in mouse NKT cells, EGR2 mRNA expression peaked between 30 min and 1 h after stimulation, followed by a decrease in expression at later time points (Fig. 2e) .
NKT cells and conventional T cells share a developmental program until the DP stage, at which point NKT cells branch away from conventional T cells 6, 37 . We next investigated the development of conventional T cells in Egr2 À/À fetal liver chimeras to determine whether Egr2 is an NKT cell-specific differentiation factor. We detected similar percentages and numbers of DN cells, DP cells and CD4 + or CD8 + single-positive cells in the thymuses of Egr2 À/À and wild-type fetal liver chimeras ( Supplementary Fig. 1a online) . Egr2 À/À DN cells progressed normally through the DN1-DN4 stages of development ( Supplementary Fig. 1b ). In addition, positive selection of Egr2 À/À conventional T cells was normal, as shown by the similar percentage of TCRb hi CD69 + DP cells and mature CD4 + or CD8 + single-positive cells in the thymuses of Egr2 À/À and wild-type fetal liver chimeras ( Supplementary Fig. 1b) . These results collectively show that Egr2 is essential for the thymic development of NKT cells but not of conventional T cells. Although Egr1 and Egr3 are expressed in NKT cells, they are unable to compensate for the loss of Egr2 and are not required for the ontogeny of NKT cells. CD69, downregulate CD24 and proceed through the three steps of differentiation described above 38 . To identify what stages of NKT cell development are affected by Egr2 deficiency, we stained thymocytes, splenocytes and liver mononuclear cells with tetramers, as well as antibodies specific for CD44 and NK1.1. These analyses showed that the thymuses and spleens of Egr2 À/À mice had a higher fraction of NKT cells at the CD44 À NK1.1 À stage (Fig. 3a) . Whereas the thymuses and spleens of Egr2 À/À and wild-type fetal liver chimera had a similar percentage of CD44 + NK1.1 À NKT cells, Egr2 À/À fetal liver chimeras had a much lower proportion of terminally differentiated CD44 + NK1.1 + cells (Fig. 3a) . Because of the overall NKT cell deficiency in Egr2 À/À mice, absolute numbers of NKT cells in all three stages of development were also significantly lower in the thymuses, spleens and livers of Egr2 À/À fetal liver chimeras (Fig. 3b) . To assess whether Egr2 is expressed differently during distinct stages of NKT cell development, we sorted CD44 À NK1.1 À , CD44 + NK1.1 À and CD44 + NK1.1 + NKT cells from the thymuses and spleens of wild-type mice and measured the abundance of Egr2 transcripts by real-time PCR. In resting thymic NKT cells, Egr2 expression was barely detectable in all three maturation stages. In the spleen, CD44 À NK1.1 À NKT cells had slightly higher expression of Egr2 than did CD44 + NK1.1 À or CD44 + NK1.1 + NKT cells (Fig. 3c ).
Brief stimulation with PMA and ionomycin resulted in higher expression of Egr2 in thymic and splenic NKT cells of all stages, particularly in terminally mature CD44 + NK1.1 + cells (Fig. 3c) .
The finding that Egr2 À/À NKT cells were partially stalled at the CD44 À NK1.1 À stage of development prompted us to investigate the expression of CD24 and CD69 in the CD4 dull CD8 dull ('DP dull ') population, which contains the earliest NKT cell precursors 37 . In Egr2 À/À fetal liver chimeras, tetramer-positive cells in the DP dull gate expressed CD69 but failed to downregulate CD24 (Fig. 3d and data not shown). We detected a significantly higher frequency of CD24 + cells in the both the DP dull fraction of tetramer-positive cells and the total tetramer-positive population of Egr2 À/À thymocytes (Fig. 3d) . In addition, we noted that a significantly higher percentage of Egr2 À/À tetramer-positive DP dull thymocytes bound annexin V than did their wild-type counterparts (Fig. 3d) . Hence, in the absence of Egr2, NKT cell precursors underwent more cell death, perhaps as a result of more negative selection. To test whether the greater apoptosis in the DP dull , tetramer-positive gate occurred during the CD24 + or CD24 À stage, we measured the binding of annexin V to these separate populations. Our results showed a significantly higher percentage of annexin V-positive cells in the CD24 À subpopulation but not the CD24 + subpopulation (Fig. 3d) . These results suggest that Egr2 is essential for the survival of early NKT cells (tetramer-positive cells in the DP dull gate) immediately after positive selection.
To Egr2 À/À fetal liver chimeras. Although the development of NKT cells was impaired in Egr2 À/À fetal liver chimeras, the ratio of CD4 + NKT cells to DN NKT cells was similar, and we did not detect skewing in use of the V b chain ( Supplementary Fig. 2a,b online) . Our results collectively demonstrate that Egr2 provides essential survival signals during early development of NKT cells at the DP dull stage and promotes the terminal maturation of positively selected NKT cells.
Normal glycolipid presentation by Egr2 À/À thymocytes During positive selection, the TCRs on NKT cell precursors must interact productively with glycolipid-loaded CD1d molecules on DP thymocytes. To determine whether the defect in NKT cells in the Egr2 À/À fetal liver chimeras was due to diminished CD1d expression, we analyzed CD1d expression on total thymocytes by flow cytometry. Wild-type and Egr2 À/À thymocytes expressed similar amounts of CD1d (Fig. 4a) . However, expression of CD1d alone is not sufficient for NKT cell selection, and many genetic studies have shown that normal recycling of CD1d molecules through endosomal-lysosomal pathways and efficient glycolipid antigen processing and loading are also required for the positive selection of NKT cells 38 . Therefore, we examined the ability of Egr2 À/À and wild-type thymocytes to present endogenous and exogenous glycolipids to a NKT cell hybridoma (DN32.D3) or a T cell hybridoma (431.A11). Our data indicated that Egr2 À/À thymocytes were as efficient as wild-type thymocytes in stimulating IL-2 production by DN32.D3 cells in response to endogenously presented glycolipids as well as exogenously added a-galactosylceramide (Fig. 4b) . We concluded that the aberrant development of NKT cells in Egr2 À/À mice was not due to impaired CD1d expression or glycolipid presentation.
Excessive proliferation and apoptosis of Egr2 À/À NKT cells In peripheral CD4 + T cells, Egr2 negatively regulates T cell activation and, by inducing expression of the E3 ligase Cbl-b, initiates a program of T cell anergy 39 . Therefore, we postulated that in the absence of Egr2, NKT cells may exist in a hyperactive state. To assess whether NKT cells show dysregulated cytokine production in the absence of Egr2, we stimulated Egr2 À/À and wild-type thymocytes and splenocytes for 3 h with PMA and ionomycin and used intracellular cytokine staining to determine the percentage of tetramer-positive cells that produced IL-4 and IFN-g. Cytokine production was mostly similar in wild-type and Egr2 À/À tetramer-positive cells. However, we found a uniformly lower percentage of Egr2 À/À tetramer-positive thymocytes and splenocytes that produced both IL-4 and IFN-g (Fig. 5a) , although the functional importance of this result is not clear at this point. Immature NKT cells proliferate extensively; however, as they mature, they proliferate less. As terminal maturation of NKT cells was inefficient in Egr2 À/À fetal liver chimeras, we examined the rate of NKT cell proliferation in vivo with a 5-bromodeoxyuridine (BrdU)-incorporation-flow cytometry assay. We injected Egr2 À/À and wild-type fetal liver chimeras with BrdU 24 h before staining with antibody to BrdU (anti-BrdU). Thymic Egr2 À/À NKT cells proliferated at a significantly higher rate than did thymic wild-type NKT cells (Fig. 5b) . Next we determined whether this greater proliferation occurred in immature (NK1.1 À ) and/or mature (NK1.1 + ) NKT cell populations. In the thymic and splenic NK1.1 + populations, a higher fraction of Egr2 À/À cells than wild-type cells incorporated BrdU. In addition, thymic Egr2 À/À NK1.1 NKT cells proliferated more than did thymic wild-type NK1.1 NKT cells, whereas splenic Egr2 À/À and wildtype NK1.1 NKT cells incorporated BrdU to a similar extent (Fig. 5b) .
To explain the discrepancy between the greater proliferation and overall NKT cell deficiency of Egr2 À/À fetal liver chimeras, we next measured the apoptosis of freshly isolated NKT cells before and after short in vitro stimulation with PMA and ionomycin. Our data indicated that the extent of cell death, as measured by staining for annexin V and 7-amino-actinomycin D, was significantly greater among thymic Egr2 À/À NKT cells than among thymic wild-type NKT cells. The greater apoptosis of thymic Egr2 À/À NKT cells was even more prominent after 3 h of stimulation with PMA and ionomycin (Fig. 5c) . Notably, the fraction of apoptotic cells was similar for splenic Egr2 À/À and wild-type NKT cells (Fig. 5c) , which suggests that thymic NKT cells are more dependent on Egr2 for survival than are splenic NKT cells.
In T cells, Egr2 regulates the expression of Cbl-b, which targets the TCR for degradation 39 . It was possible that the greater death of Egr2 À/À NKT cells was due to sustained TCR signaling as a result of failed downregulation of TCRs. However, the abundance of transcripts encoding the E3 ligases Cbl-b, Itch and Grail was similar in Egr2 À/À and wild-type NKT cells ( Supplementary Fig. 3a online) . In addition, thymic Egr2 À/À NKT cells showed TCR downregulation and underwent apoptosis in response to stimulation with anti-CD3 and anti-CD28 in a way similar to wild-type NKT cells (Supplementary Fig. 3b) , which suggests that downregulation of TCRs and TCRinduced apoptosis are normal in Egr2 À/À NKT cells.
We found that expression of the cytokine FasL was lower on unstimulated Egr2 À/À NKT cells and on Egr2 À/À NKT cells stimulated for 1 h with PMA and ionomycin than on wild-type NKT cells. However, after 3 h of PMA and ionomycin stimulation, wild-type and Egr2 À/À NKT cells expressed similar amounts of FasL. In addition, at all time points analyzed, expression of the FasL receptor Fas was similar on wild-type and Egr2 À/À NKT cells ( Supplementary Fig. 4b online). Our results suggest that the greater apoptosis of Egr2 À/À NKT cells was not due to aberrant Fas-FasL expression. We also detected similar expression of mRNA encoding antiapoptotic molecules (Bcl-2 and Bcl-x L ) and proapoptotic molecules (Bim, Bax and Bak) in sorted thymic Egr2 À/À and wild-type NKT cells before and after 3 h of stimulation with PMA and ionomycin ( Supplementary Fig. 5a ,b online and data not shown). The expression of mRNA transcripts encoding common g-chain cytokines (IL-2, IL-7 and IL-15) and of the receptors responsible for transducing common g-chain cytokine signals was mostly similar in Egr2 À/À and wild-type NKT cells. In fact, a significantly higher percentage of Egr2 À/À NKT cells expressed IL-15 receptor-a and IL-2 receptor-b components (P o 0.001; Supplementary Fig. 6a,b online), which ruled out the explanation that the greater apoptosis of thymic Egr2 À/À NKT cells was due to lower expression of IL-15 or its receptor. Our results collectively demonstrate that the loss of Egr2 in thymic NKT cells resulted in impaired development that uncoupled proliferation and maturation and led to apoptosis. At this point, however, the molecular mechanism by which Egr2 regulates these events remains unclear, although we can exclude aberrant TCR downregulation, dysregulated expression of Fas or FasL or of antiapoptotic or proapoptotic mediators, or cytokine 'starvation' as causative factors in this process.
DISCUSSION
Although the calcineurin-NFAT pathway is known to be essential for the development of conventional T cells, our study has demonstrated a previously unknown function for the calcineurin-NFAT pathway during the differentiation of NKT cells. We have shown here that one key gene product regulated by calcineurin-NFAT, Egr2, was required for the ontogeny of NKT cells but not that of conventional T cells. Egr2 was essential for the transit of NKT cells through the CD44 À NK1.1 À stage of development and for terminal maturation.
Egr2 À/À NKT cells had greater basal turnover characterized by high rates of proliferation and apoptosis. In contrast, Egr1 À/À and Egr3 À/À mice had normal development of NKT cells, which suggests that Egr1 and Egr3 failed to compensate for the loss of Egr2.
Substantial progress has been made in identifying the factors and molecular processes that regulate NKT cell lineage commitment and maturation 38 . The earliest NKT cell precursors are present in the DP dull thymic population 37 . These NKT cell precursors proceed through a process of random TCR gene rearrangements and express a TCR that is able to interact with CD1d molecules present on DP thymocytes 4, 5 . It is at this point that the NKT cell lineage diverges away from that of conventional T cells, as exemplified by the use of different signaling pathways by the two lymphocyte populations. Many genetic studies have identified a unique function for the SLAM-SAP-Fyn-NF-kB pathway in NKT cell selection but not the development of conventional T cells [9] [10] [11] [12] [13] [14] . Conversely, data indicate that inhibition of the Raf-MEK-Erk pathway has a profound effect on the positive selection of CD4 + and CD8 + T cells but not of NKT cells 8 . Extensive study of the calcineurin-NFAT pathway in the development of conventional T cells has demonstrated an important function for calcineurin and NFAT proteins in the positive selection of CD4 + and CD8 + cells through modulation of the Raf-MEK-Erk pathway 26, 27 . As the development of NKT cells seems to be normal in transgenic mice with thymocyte-specific expression of dominant negative Ras or MEK-1 (ref. 8) , we focused here on another branch of the calcineurin-NFAT pathway, the Egr transcription factors, that may affect this development.
The Egr family encompasses four members (Egr1-Egr4). Thus far, expression of only Egr1, Egr2 and Egr3 has been detected in thymocytes 29, 35 . Egr2 and Egr3 are NFAT target genes 28 . Egr1 and Egr3 influence the DN-to-DP transition 29, 30, 32, 33 and b-selection 31, 35 . Egr2 and Egr3 negatively regulate T cell activation and initiate an anergy program through transcriptional regulation of the E3 ligase Cbl-b 39 . Hence, the functions of Egr proteins in conventional T cells are many and varied and reflect a combination of both redundancy and an expression hierarchy among Egr proteins. Similarly, Egr family members show a certain amount of redundancy in regulating macrophage cell fate. Treatment of primary mouse myeloid cells with macrophage colony-stimulating factor results in upregulation of Egr1 and Egr3 mRNA and, to a lesser extent, Egr2 mRNA 40 . Moreover, Egr1 antisense oligonucleotides block the macrophage but not neutrophil differentiation of normal bone marrow precursors 41 , and Egr1 overexpression in the bone marrow promotes macrophage differentiation at the expense of other myeloid lineages 42, 43 . Unexpectedly, macrophage differentiation is normal in Egr1 À/À mice, which suggests that other Egr family members could compensate for the loss of Egr1 function 44 . Egr1 and Egr2, but not Egr3 and Egr4, are induced during macrophage differentiation of immature fetal liver myeloid precursors or bone marrow myeloid progenitors 45 . In addition, Egr1 À/À Egr2 +/À bone marrow progenitors show defects differentiation in mediated by macrophage colonystimulating factor, which have been attributed to the loss of both Egr1 and Egr2 (ref. 45) . However, the function of Egr family members in macrophage differentiation has become a matter of debate, as it has been reported that bone marrow-derived myeloid precursors from Egr1 À/À Egr3 À/À mice and fetal liver-derived myeloid precursors from Egr1 À/À Egr2 À/À mice show no abnormalities in macrophage differentiation induced by macrophage colony-stimulating factor 40 .
Our work has indicated that in contrast to their function in conventional T lymphocytes and myeloid cells, the function of Egr proteins in NKT cell development is more streamlined. Although we easily detected Egr1, Egr2 and Egr3 in purified NKT cells, analysis of thymocytes deficient in Egr1, Egr2 and Egr3 with glycolipid-loaded CD1d tetramers showed that only Egr2 was required for the development of NKT cells. Our analysis of NKT cell developmental intermediates showed a partial block of Egr2 À/À NKT cells at the CD44 À NK1.1 À stage of development. Consistent with a block in positive selection, Egr2 À/À tetramer + DP dull NKT cell precursor populations had a lower proportion of CD24 À cells. In addition, in the absence of Egr2, tetramer-positive cells in the DP dull gate underwent more cell death, which could have been a result of more negative selection at this stage of development. However, more detailed analysis showed that more apoptosis may have occurred after selection, as only the DP dull , tetramer-positive, CD24 À Egr2 À/À thymocyte population had a significantly higher percentage of annexin V-positive cells. The small fraction of Egr2 À/À NKT cells that were successfully selected had an accelerated turnover rate in the periphery characterized by high proliferation and apoptosis. Although the survival and death pathways we examined seemed to be normal, Egr2 could be involved in other, not-yet-identified pathways. Further analysis of the expression patterns of Egr2 target genes should yield further insight into the regulation of NKT cell development by the calcineurin-NFAT-Egr2 pathway.
METHODS
Mice. Mice were housed in the pathogen-free facility at the Harvard School of Public Health and were handled in accordance with guidelines from the Center for Animal Resources and Comparative Medicine at Harvard Medical School. C57BL/6 wild-type mice, mice deficient in recombination-activating gene 2, and Egr1 À/À mice (backcrossed 12 generations to the CB57BL/6 strain) were from Taconic Farms. Cnb1 fl/fl Lck-Cre + mice (analyzed between 5 and 9 weeks of age) were of a mixed B6.129 background 26 . Egr2 +/À and Egr3 À/À mice (backcrossed over 20 generations to the CB57BL/6 strain) were provided by J. Milbrandt. Egr1 À/À , Egr3 À/À and wild-type mice were used between 8 and 12 weeks of age. Egr2 À/À and wild-type fetal liver chimeras were made as follows: livers were isolated from fetuses at embryonic day 18, and single-cell preparations were injected intravenously into sublethally irradiated mice (450 rads) deficient in recombination-activating gene 2. Egr2 À/À and wild-type fetal liver chimeras were analyzed 12 weeks after reconstitution. Mice deficient in J a 18 (CB57BL/6) were provided by M. Brenner.
NKT cell clones. The human NKT cell clone BM2a.3 was provided by M. Brenner 46 . RNA was isolated at various times after stimulation with PMA and ionomycin. After cDNA synthesis, the expression of EGR2 was normalized to that of the 'housekeeping' gene GAPDH (which encodes glyceraldehyde phosphate dehydrogenase).
Flow cytometry. Thymuses and spleens were crushed into single-cell suspensions and erythrocytes were lysed for 4 min at 25 1C with a solution of 0.17 M Tris, pH 7.5 and 0.16 M NH 4 . Liver mononuclear cells were prepared as described 47 . For cell surface staining, thymocytes, splenocytes and liver mononuclear cells were resuspended at a density of 5 Â 10 6 cells per ml in PBS containing 2% (wt/vol) BSA and were stained for 40 min at 4 1C with phycoerythrin-conjugated PBS57-CD1d tetramers (NIH Tetramer Facility, Emory University). In the final 15 min of incubation, antibodies to other cell surface antigens were added. Cells were washed with PBS containing 2% (wt/vol) BSA, followed by a wash in PBS alone. An LSR II flow cytometer (Beckton Dickinson) was used for acquisition of 0.5 Â 10 6 to 3 Â 10 6 events in the lymphocyte gate. For intracellular cytokine staining, thymocytes and splenocytes were resuspended for 3 h at a density of 5 Â 10 6 cells per ml in RPMI-C medium (RPMI medium with 10% (vol/vol) FBS, 10 mM HEPES, pH 7.2-7.4, 10 mM L-glutamine, 10 mM sodium pyruvate, 10 mM nonessential amino acids and 50 mM b-mercaptoethanol) in the presence of 50 ng/ml of PMA, 1 mM ionomycin and 3 mM monensin. Cells were collected and washed and then were fixed and made permeable for 25 min at 4 1C with BD Cytofix/ Cytoperm solution (BD Biosciences). Cells were washed with permeabilization buffer (2% (wt/vol) BSA and 0.2% (wt/vol) saponin in PBS) and were incubated for 20 min at 25 1C in the presence of cytokine-specific antibodies used at a dilution of 1:200. After a series of washes with permeabilization buffer and PBS, cells were resuspended in PBS, and 0.5 Â 10 6 to 1 Â 10 6 events in the lymphocyte gate were acquired on an LSR II. For BrdU staining, 24 h before the experiment, mice were injected intraperitoneally with 1 mg BrdU (BD Pharmingen) in PBS. A BrdU Flow kit was used for staining according to the manufacturer's protocol (BD Pharmingen). Apoptosis was analyzed in singlecell suspensions of thymus and spleen cells stained with PBS57-CD1d tetramers and antibodies to cell surface markers as described above. After cell surface staining, cells were resuspended in 1Â Annexin V Binding Buffer (BD Pharmingen) and were stained with annexin V-fluorescein isothiocyanate or annexin V-allophycocyanin and 7-amino-actinomycin D (BD Pharmingen). Anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-CD44 (IM7), anti-NK1.1 (PK136), anti-CD24 (M1/69), anti-CD1d (1B1), anti-IL-4 (11B11) and anti-IFN-g (XMG1.1) were from BD Pharmingen. Flow cytometry results were analyzed with FlowJo software (TreeStar). Antibodies for flow cytometry are identified in the Supplementary Methods online.
Real-time PCR. RNA was isolated from resting or stimulated thymocytes, splenocytes, liver mononuclear cells and sorted NKT cells. A High Capacity cDNA Reverse Transcription kit was used to synthesize cDNA according to the manufacturer's protocol (Applied Biosystems). SYBR Green technology and a Stratagene Mx3005P thermocycler were used for real-time PCR with 40 cycles of 95 1C for 15 s (denaturation) and 60 1C for 1 min (annealing and extension; primer sequences, Supplementary Table 1 online). Primers used to amplify V a 14J a 18 and constant a-region C a sequences have been described 4 Antigen presentation assay. Thymocytes (1 Â 10 6 ) isolated from Egr2 À/À and wild-type fetal liver chimeras were incubated for 24 h with DN32.D3 or 431.A11 cells (5 Â 10 4 ; provided by the Taparowsky laboratory at Purdue
